An essential component of the immune system of animals is the production of antimicrobial peptides (AMPs). In vertebrates and termites the protein sequence of some AMPs evolves rapidly under positive selection, suggesting that they may be coevolving with pathogens. However, antibacterial peptides in Drosophila tend to be highly conserved. We have inferred the selection pressures acting on Drosophila antifungal peptides (drosomycins) both from the divergence of drosomycin genes within and between five species of Drosophila, and polymorphism data from Drosophila simulans and D. melanogaster. In common with Drosophila antibacterial peptides, there is no evidence of adaptive protein evolution in any of the drosomycin genes, suggesting that they are not coevolving with pathogens. It is possible that this reflects a lack of specific fungal and bacterial parasites in Drosophila populations.
Abstract
An essential component of the immune system of animals is the production of antimicrobial peptides (AMPs). In vertebrates and termites the protein sequence of some AMPs evolves rapidly under positive selection, suggesting that they may be coevolving with pathogens. However, antibacterial peptides in Drosophila tend to be highly conserved. We have inferred the selection pressures acting on Drosophila antifungal peptides (drosomycins) both from the divergence of drosomycin genes within and between five species of Drosophila, and polymorphism data from Drosophila simulans and D. melanogaster. In common with Drosophila antibacterial peptides, there is no evidence of adaptive protein evolution in any of the drosomycin genes, suggesting that they are not coevolving with pathogens. It is possible that this reflects a lack of specific fungal and bacterial parasites in Drosophila populations.
The polymorphism data from both species differed from neutrality at one locus, but this was not associated with changes in the protein sequence. The synonymous site diversity was greater in D. simulans than D. melanogaster, but the diversity both upstream of the genes and at nonsynonymous sites was similar. This can be explained if both upstream and nonsynonymous mutations are slightly deleterious, and are being removed more effectively from D. simulans due to its larger effective population size.
INTRODUCTION
Genes involved in host-parasite interactions are often subject to strong balancing or directional selection. For example, parasite antigens commonly evolve rapidly, and natural selection can maintain many different alleles in a population (ESCALANTE et al. 1998) . Similarly, vertebrate MHC genes are highly polymorphic and have elevated levels of nonsynonymous substitutions (HUGHES and NEI 1988) . However, most of our understanding of the molecular evolution of immune systems comes from studies of the acquired immune response of vertebrates. Acquired immune responses detect and eliminate many different parasites by generating a huge repertoire of receptor molecules with different specificities by somatic rearrangement. This type of immune system is a relatively recent evolutionary innovation of vertebrates, and invertebrates instead rely on an innate immune response for defence against pathogens. The innate immune response also remains essential component of the vertebrate immune response.
The innate immune response relies on a limited number of germ-line encoded receptor and effecter molecules. Despite this, it is still highly effective in defending against a diverse array of pathogens. This is thought to be because parasites are recognised using highly conserved molecular patterns, and eliminated using responses that are effective across a broad range of parasite taxa (MEDZHITOV and JANEWAY 1997) .
Presumably these parasite molecules are highly conserved because they are under strong functional constraints, unlike protein antigens that commonly evolve very quickly. Under this scenario, there may be less opportunity for rapid host-parasite coevolution between pathogens and the innate immune system than between pathogens and the acquired immune system.
There is, however, indirect evidence of coevolution between parasites and invertebrate hosts (which only possess innate immune systems). For example, parasites are often adapted to their local host population, as is predicted by most theoretical models of host-parasite coevolution (EBERT 1994; LIVELY and DYBDAHL 2000; MORAND et al. 1996) . However, it is currently unclear whether these patterns result from coevolution between parasites and components of the innate immune system. Alternatively, coevolution could occur between parasites and other host molecules involved in host-parasite interactions (e.g. cell surface molecules exploited by pathogens to enter cells).
If the innate immune system does coevolve with pathogens, then we expect immune system genes to show patterns of rapid adaptive evolution or elevated polymorphism. This is the case in Drosophila simulans, where a survey of immune system genes showed evidence of stronger directional selection than was the case for non-immunity genes (SCHLENKE and BEGUN 2003) . This could be the result of coevolution, but there is currently no evidence of reciprocal changes in parasite genes. Alternatively, directional selection may result from ecological factors that change the type of opportunistic infections acquired by flies or alter the costs of mounting an immune response.
Clues as to how innate immune systems adapt to novel parasites or parasite genotypes can be gained by comparing the lists of genes under directional and purifying selection. For example, peptidoglycan recognition proteins (PGRPs), which include receptors that bind to bacteria leading to the expression of antimicrobial peptides (AMPs), tend to be highly conserved (JIGGINS and HURST 2003) . In contrast, thioester-containing proteins (TEPs) and scavenger receptors (SRs), some members of which bind to pathogens and are involved in their subsequent phagocytosis or encapsulation, can be under strong directional selection (LAZZARO 2005; LITTLE and COBBE 2005) .
In this study we have focussed on the evolution of antimicrobial peptides (AMPs), which are an important component of the innate immune response. Most AMPs are thought to exploit the fact that the outer surface of bacterial membranes contains negatively charged phospholipids headgroups that are absent from animal and plant cells (ZASLOFF 2002) . Because AMPs have an amphipathic structure (separate hydrophobic and hydrophilic domains) they can first carpet and then integrate into the outer layer of the membrane. This allows them to then either disrupt the integrity of the cell membrane (e.g. by lysing the membrane or forming pores) or enter the cell to disrupt some intracellular target (ZASLOFF 2002) .
In vertebrates, AMPs appear to be a hotspot of rapid adaptive evolution. The most dramatic case is found in frogs, each species of which produces 10-20 AMPs in their dermal gland secretions. These AMPs differ between closely related species in their size, sequence and antimicrobial specify, and this rapid diversification has been driven by diversifying selection (DUDA et al. 2002) . In various groups of mammals, both alpha-and beta-defensins have diversified under positive selection, and this has led to changes in their antimicrobial specificity (ANTCHEVA et al. 2004; HUGHES and YEAGER 1997; LYNN et al. 2004; MORRISON et al. 2003; SEMPLE et al. 2003) . These patterns strongly suggest that these AMPs are subject to continually changing selection pressures, presumably due a changing pathogen environment. The changing selection pressures may be the result of parasites coevolving with the AMP molecules.
Studies of insect AMPs have produced more varied results. In termites, the antifungal peptide termicin evolves rapidly under positive selection (BULMER and CROZIER 2004) . However, several studies of six different families of antibacterial peptides in Drosophila have consistently failed to produce evidence for rapid adaptive evolution of the amino acid sequence (CLARK and WANG 1997; LAZZARO and CLARK 2003; RAMOS-ONSINS and AGUADE 1998) . Although these studies have detected some evidence of positive selection, it is clear the rate of adaptive protein evolution is dramatically less than in vertebrates and termites (an exception, andropin, is discussed later (DATE-ITO et al. 2002) ).
We wished to test whether this pattern of evolution was general across Drosophila AMPs. Therefore, we have investigated the evolution the drosomycins, a family of AMPs that are active against fungi rather than bacteria, and that show no homology to previously studied antibacterial peptides. Drosomycin (Drs) strongly inhibits the growth of filamentous fungi, but has no effect on the growth of a range of bacteria (FEHLBAUM et al. 1994) . This makes it the only purely antifungal peptide characterised in Drosophila. At low concentrations, drosomycin causes the cell cytoplasm to be extruded along the hyphae, suggesting that it lyses cell membranes (FEHLBAUM et al. 1994) . However, drosomycin's exact mechanism of action is unknown. There are also six drosomycin-like genes in the Drosophila melanogaster genome, all found within a 56kb region of the left arm of chromosome 3 (Figure 1 ).
Unlike drosomycin itself, the antifungal activity of these genes has not been tested experimentally, although it is known that one of them (Dro5) is upregulated following fungal infection (DE GREGORIO et al. 2001) . melanogaster and D. simulans using the program Primer 3. From each chromosome we sequenced the three regions shown in Figure 1 . These were amplified in multiple overlapping amplicons. In some cases mutations in the primer binding site prevented the PCR primers from working. In all such cases new primers were designed to ensure that the complete sequence was obtained from all 40 chromosomes. The PCR products were purified either with Qiagen PCR cleanup columns or by using exonuclease I and shrimp alkaline phosphatase to digest unused PCR primers and dNTPs. The PCR products were then sequenced directly using big dye reagents on an ABI capillary sequencer. The sequence chromatograms were inspected by eye to confirm the validity of all differences within and between species. The sequences were then aligned using Clustal W and the alignment corrected by eye. sequences. These sequences may contain some errors. However, these are not expected to occur preferentially at either synonymous or non-synonymous sites. Therefore, any errors will tend to bias estimates of dN/dS towards 1 (neutrality).
METHODS

Fly lines:
Tree reconstruction:
The phylogenetic relationships of the drosomycin sequences from different species were reconstructed by maximum likelihood using the program PAUP* v.4.0b10 [Swofford, 1998 #430] . We used the HKY85 model of sequence evolution and allowed gamma distributed rate heterogeneity between sites (HASEGAWA et al. 1985) . The transition: transversion ratio and shape of the gamma distribution were first estimated from a maximum parsimony tree. The phylogeny was then reconstructed using a heuristic search with nearest-neighbor interchanges. The robustness of the topology was assessed by 1000 non-parametric bootstrap replicates.
The tree was rooted using the sequences from D. ananassae. The HKA test was performed using the program HKA written by Jody Hey (http://lifesci.rutgers.edu/~heylab). The test statistics were compared to a neutral distribution generated from 10,000 coalescent simulations (HUDSON et al. 1987; WANG and HEY 1996) . could not be aligned at the 3' end and lacked the disulphide bridges that are essential for maintaining the tertiary structure of the peptide. Therefore, it was omitted from further analyses. The phylogenetic tree of these sequences shows that the D.
RESULTS
Origins of the gene family:
ananassae sequences form a single monophyletic group, suggesting that they diverged after the split from the erecta/yakuba/melanogaster/simulans lineage ( Figure 3 ).
Similarly, assuming the tree is rooted with the D. ananassae sequences, the seven D. The phylogenetic relationships of the melanogaster subgroup have been the subject of much debate (KO et al. 2003 Concerted evolution: Concerted evolution is the maintenance of similar nucleotide sequences among members of a gene family within a species, despite those sequences changing over time. It is commonly observed within multi-gene families, due to gene conversion or unequal crossing-over.
If concerted evolution has homogenized all or most of two genes' sequences, it can be detected by reconstructing the phylogeny of the genes from two different species. It is clear in Figure 3 that following the initial duplication of drosomycin, the genes have diverged independently. In other words, each gene is more similar to its ortholog in another species than to other members of the family in the same species. This result still holds if all forty D. simulans and D. melanogaster alleles of each gene are included in the tree (data not shown). Therefore, the drosomycin phylogeny provides no evidence for concerted evolution.
It is possible that a phylogenetic approach will fail to detect gene conversion if only small tracts of sequence are converted within genes. To test for this pattern, we used the runs test of Sawyer (1989) . This method first identifies runs of similarity between pairs of sequences which are given a score based on their length. The order of sites is then permuted and the test statistic recalculated to assess whether the runs of sequence similarity are longer than expected. This permutation test accounts for multiple tests.
We only detected one possible gene conversion event in D. erecta involving the conversion of 7-33bp of Dro6 into Dro4 (p<0.05). Therefore, gene conversion appears to be rare or absent within this gene family. In species where natural selection is driving rapid divergence of AMPs, the mature peptide is much less conserved than the signal peptide (DUDA et al. 2002) . However, in the amino acid alignment of drosomycin, it is clear that the signal peptide is slightly more variable than the mature peptide ( Figure 2 ). We can test whether there are different selection pressures acting on the two protein domains by comparing different models of codon substitution with a likelihood ratio test ( The structure of drosomycin, in common with most other AMPs, includes a cluster of hydrophobic amino acids that probably interact directly with the fungal cell membrane ( Figure 2 ) (LANDON et al. 2000) . This structure, combined with comparisons to better-characterised AMPs, has been used to identify the probable active site of the molecule (Figure 2 ) (LANDON et al. 2000) . If drosomycin is coevolving with pathogens, then the active site might be a target of selection.
Indels and functionally important mutations:
Inspection of Figure 2 does show several mutations in the active site, including mutations from hydrophobic to hydrophilic amino acids. Furthermore, the d N /d S ratio in the active site is significantly higher than in the rest of the mature peptide ( 2∆l=0.00, d.f.=1, N.S.). Therefore, the variation in the rate of amino acid substitution in different regions of the protein appears to be due to variation in selective constraints rather than positive selection.
Finally, we looked at the evolution of cysteine residues. The drosomycin molecule contains four disulphide bridges between eight cysteine residues that stabilise the structure of the molecule (LANDON et al. 1997 (LANDON et al. 1140 MICHAUT et al. 1996 MICHAUT et al. 1138 .
These cysteines have been conserved in the same location in all the drosomycin genes across all five species (Figure 2 ), confirming that they are essential to the function of drosomycin. The only exception is 'sequence D' in D. ananassae, which has lost three of the four disulphide bridges. It is therefore unlikely that this gene produces a functional antifungal peptide.
Nucleotide Polymorphism: In both species the African population tends to be more diverse than the European one, but the differences are small and not consistent (Table   2 ). This is typical of the pattern observed at other autosomal loci in D. melanogaster, but the difference between continents is normally larger in D. simulans (ANDOLFATTO 2001; BEGUN and AQUADRO 1993; HAMBLIN and VEUILLE 1999) .
The diversity of coding sequence is substantially higher in D. simulans than D.
melanogaster, which is similar to the pattern reported for other genes (ANDOLFATTO 2001; MORIYAMA and POWELL 1996) . The higher diversity in D. simulans is entirely due to a larger number of synonymous polymorphisms, as the two species have similar numbers of nonsynonymous polymorphisms (Tables 3-4) . Therefore the two species have different ratios of synonymous to nonsynonymous segregating sites ( The divergence between the two species also differs between the three classes of sites.
As expected from the d N /d S analysis above, synonymous divergence is far greater than nonsynonymous divergence (Table 3) . Interestingly, the intergenic divergence is also lower than the synonymous divergence, suggesting that intergenic regions either have lower mutation rates or higher functional constraints (Table 3) . (Table 5 ).
Frequency of polymorphic sites:
Although it is clear from this that our data does not fit the neutral equilibrium model, the multiple tests performed make it difficult to identify specific loci that might be under selection. We also performed Fu and Li's D and F tests with an outgroup (FU and LI 1993) , which compare the number of mutations on terminal and internal branches of the genealogy. These tests produced qualitatively similar results to Tajima's D (data not shown).
Genetic hitchhiking during a selective sweep results an excess of derived variants at high frequency (FAY and WU 2000) . This effect occurs at some distance away from the selected site, as recombination must have partially broken down the association with the actual site under selection. Furthermore, the effect is relatively short-lived.
We found that there was an excess of high frequency derived variants in the intergenic sequence just downstream of Drs in the European population of D. melanogaster ( 
Polymorphism and divergence:
Under the neutral model, the ratio of synonymous: nonsynonymous polymorphisms will be the same as the ratio of synonymous:
nonsynonymous differences between species. However, positive selection can increase the number nonsynonymous differences between species due to the fixation of favourable mutations. This can detected using a McDonald-Kreitman Test, which simply compares the two ratios in a two x two contingency table using Fisher's Exact
Test (MCDONALD and KREITMAN 1991) . The McDonald-Kreitman Test was not significant for any of the genes individually, nor for the combined dataset of all genes (data in Table 6 , all comparisons not significant). The same was true when the sites in intergenic regions were included as synonymous sites. If there are slightly deleterious amino acid polymorphisms that contribute to polymorphism but not divergence, this can reduce the power of this test. Therefore, we removed singletons from the dataset and repeated the test, but the result was still non-significant (data not shown).
Selective sweeps will reduce the genetic diversity of a gene, and balancing selection may increase it. It is possible to detect these effects as neutral theory predicts that interspecific divergence and intraspecific polymorphism are both proportional to the neutral mutation rate and therefore positively correlated across loci. Deviations from this prediction can be detected in a contingency table (where the rows are loci and columns polymorphism and divergence) using an HKA test (HUDSON et al. 1987 ). In our case, this test is conservative as it makes the assumption that there is free recombination between loci and no recombination within loci, which clearly does not apply to our data.
We have used the HKA test to compare polymorphism and divergence across all our coding and intergenic sequences ( (WANG and HEY 1996) . This approach also has the advantage of identifying specific loci that differ from the rest of the dataset. This test was only significant in D. (Table 5) .
Overall, the segregating mutations tend to be found at a low frequency, as reflected by negative estimates of Tajima's D (Table 5 ; not significant).
DISCUSSION
Adaptive protein evolution:
The protein sequences of antimicrobial peptides in vertebrates and termites have extremely high rates of evolution, driven by long-term positive selection (see introduction). This is in stark contrast to the drosomycin genes, whose amino acid sequence is principally under purifying selection. Although not all the drosomycins appear to evolve neutrally, it is clear that their rate of adaptive evolution is far lower than AMPs in other species. This pattern is similar to that reported for antibacterial peptides in Drosophila, which also tend to have conserved amino acid sequences (see introduction).
Why do AMPs show such differing patterns of evolution? One hypothesis is that there are differences intrinsic to the peptides themselves that alter their mode of evolution.
For example, certain AMPs could have strong structural constraints, or they may target pathogen molecules that are highly conserved. However, there is now data from several structurally unrelated peptides in vertebrates and Drosophila, and consistent differences have emerged between AMP evolution in the two groups of hosts.
Although more comparisons are needed, it currently seems likely that it is the ecology or physiology of the species that explains the different modes of evolution.
One explanation is that vertebrates and termites coevolve with specialist bacterial and fungal pathogens, but Drosophila does not. It is striking that no specialist fungal or This hypothesis could be tested by a comparative analysis of AMP evolution across taxa with differing ecologies.
This hypothesis is not inconsistent with the observation of rapid evolution in other components of the Drosophila immune system (BEGUN and WHITLEY 2000; LAZZARO 2005; SCHLENKE and BEGUN 2003) . First, many of these genes may also be involved in defences against specialist parasites such as parasitoids or viruses. For example, the Toll pathway is important in antiviral as well as antibacterial defences (CONTAMINE et al. 1989; ZAMBON et al. 2005) . Also many of these genes are involved in signalling pathways, and selection may be acting to alter patterns and magnitude of immune responses rather than adapting to novel parasite genotypes.
The one notable exception to the pattern above is a peptide called andropin in D.
melanogaster which evolves rapidly under positive selection (DATE-ITO et al. 2002) .
This peptide, which is related to the AMP cecropin and has antibacterial activity, is unusual in being expressed in the male ejaculatory duct and transferred to females during mating (LUNG et al. 2001; SAMAKOVLIS et al. 1991) . Proteins transferred to from males to females often evolve very rapidly, and it is therefore unclear whether the rapid evolution is associated with its antibacterial properties or some other postmating function (SWANSON et al. 2001) . If andropin does coevolve with microbes, infections of the reproductive tract might be D. melanogaster specialists if they are sexually transmitted.
Selection on Drs:
Although we did not find rapid adaptive protein evolution, there was some indication of recent selection at or near Drs in both species. In D.
melanogaster, there was an excess of high frequency derived mutations just downstream of Drs. This could result from a selective sweep at linked sites, such as the Drs coding sequence or regulatory elements. A selective sweep could also explain the low diversity of the Drs coding sequence. However, there are no fixed differences between the Drs coding sequence of the two species, suggesting that selection favouring beneficial changes to the amino acid sequence is unlikely. This result was also only significant in Europe, and we are unable to exclude the possibility that it is an artefact of some demographic process.
In D. simulans, an HKA test showed that Drs had an anomalous polymorphism : divergence ratio. This was the result of Drs having both the lowest interspecific divergence (the commonest allele is identical to D. melanogaster) and the highest intraspecific polymorphism of any gene. The first explanation of this data is that balancing selection has increased the diversity at this locus. This is consistent with the flanking intergenic sequence also having fairly high levels of polymorphism (Table   2 ). However, the high polymorphism is due to low frequency derived mutations that POWELL 1996) . This is expected to increase the diversity of neutrally evolving synonymous sites. However, if nonsynonymous mutations in drosomycin tend to be slightly deleterious, they will be removed more effectively from D. simulans than D.
melanogaster.
The intergenic sequence has diverged less between species than synonymous sites.
This has been observed before, and has been attributed to either higher mutation rates in transcribed regions or selective constraints on intergenic regions (HALLIGAN et al. 2004; KERN and BEGUN 2005) . The intergenic sequence has similar diversities in the two species (i.e. it is behaving most like the nonsynonymous sites). This is the result of the nucleotide diversity of intergenic regions being markedly lower than the Sites with gaps anywhere in the alignment were excluded, resulting in slight differences from Table 2 . The mean number pairwise substitutions between the two species were calculated using the method of Nei and Gojobori (1986) . Sites with gaps anywhere in the dataset were excluded. Sites with alignment gaps in the same species and population are excluded. * P<0.05; ** P<0.01; *** P<0.00001 Table 6 Polymorphism and divergence at synonymous and nonsynonymous sites.
Polymorphism Fixed Table 7 Number of polymorphic sites and mean interspecific divergence of genes and intergenic sequence. Sites with alignment gaps in either species were excluded. Dataset included all 20 alleles of both species.
Figure 1
The arrangement of drosomycin genes in D. melanogaster, showing the region sequenced 
